Abstract-This article presents the development of a fully soft, exoskeleton robot for power augmentation and rehabilitation of a human wrist joint. The system is powered by novel bending pneumatic muscles which have been combined with contractor pneumatic muscles to provide actuation for the glove. This research has assessed the behaviour of the new bending actuators and demonstrated them in a prototype wrist exoskeleton. An accompanying mathematical model of the force generated by the proposed extensor bending artificial muscles has been developed. The proposed wearable robot is capable of producing flexion-extension and abduction-adduction motions of the human wrist to generate rehabilitation motions. The exoskeleton is designed to fit any adult hand size without the need for any mechanical changes, meaning it can easily be swapped between users.
dexterity, compliance and kinematics. A power assistive and/or rehabilitation exoskeleton must be; safe because it has a direct interaction with the patients or elderly individuals, lightweight to be a portable so that it can be used at home without any clinical assistance, and soft and small to be unobtrusive in independent daily usage. Many of these features exist in soft pneumatic artificial muscles and they have been used to build exoskeletons, and there are numerous examples of research based on these soft artificial muscles to construct force assist and/or rehabilitation wearable robots [5] .
Human bodies, with their limbs joints flexibility, have the capability of performing numerous movements in a very effective and precise manner under different conditions in different environments with high flexibility. Inspired by the human body, researchers have presented many kinds of actuators [6] , [7] , [8] .
In this paper, a soft wearable robot based on soft artificial muscles is developed. The major contributions of this research are a fully soft actuation system based on novel bending pneumatic muscles and contracting artificial muscles and a new mathematical model of the force generated by the proposed bending artificial muscles. The paper also describes the development and construction of a fully soft wrist exoskeleton to fit any adult hand without the need for any mechanical changes when it is swapped between users. The soft exoskeleton is capable of performing flexion-extension and abduction-adduction motions of the human wrist joint during rehabilitation exercises.
II. PNEUMATIC SOFT ARTIFICIAL MUSCLES
Pneumatic soft artificial muscles are driven by air pressure and are created from soft materials such as rubber tubes acting as a bladder and braided sleeves. They are inherently safe actuators for direct human interaction because of their light weight and lack of rigid parts. These features also make them suited to use in exoskeleton robots. The Pneumatic Artificial Muscle (PAM) [9] , also called McKibben Muscle, is a tube-like an actuator that is characterized by an increase or decrease in length when inflated or deflated [10] . The PAM is generally designed and constructed from a rubber or latex bladder tube which is encased by a braided sleeve and secured to rigid caps at both terminal ends. The PAMs transform applied pneumatic pressure into either a compressive or tensile force. These actuators have many advantages, for example, high power to weight ratios, the ability to be used as a direct drive, inherent safety, compliance and low cost. The main disadvantage of this type of muscles, it is has nonlinear behaviour. Because of this nonlinearity, it is difficult to modelled and control it.
The proposed soft exoskeleton consists of both contracting artificial muscles and novel bending muscles. Contracting muscles have been widely studied and described in the literature. Their performance has been characterised and the basic mathematical modelling approach was based on the geometric characteristics of PAM. The models of [7] , [8] have been widely used. Chou and Hannaford's model was based on static features of the soft actuator; they assumed that the muscle is cylindrical in shape, ignored the extensibility of the threads in the sleeve, ignored the friction force between the braided sleeve and the bladder and between the threads of the sleeve, and ignored rubber bladder forces. Others have advanced this model and the behaviour of contracting pneumatic muscles is well understood. For this reason the operation of contracting pneumatic muscles will not be described in depth in this paper; however, it is useful to describe the design and performance of the specific contractor muscles used in this research.
III. CONTRACTION ARTIFICIAL MUSCLES
The contractor muscles used in this research are constructed from a braided nylon sleeve, length 20cm and 10mm in diameter; an inner bladder formed from two layers of latex rubber tube 20cm length and 10mm diameter and two 3D printed caps ends, one with a closed terminal and the other with a hole through which compressed air can be supplied. Fig. 1 shows the proposed contracting muscle at different supplied pressures.
The characteristic relation between the supplied air pressure and the contraction amount is illustrated in Fig. 2 . The contraction occurs when increasing the supplied pressure and this results in the creation of a contractile force. The maximum contraction ratio of the actuator used is approximately 30%. The force generated by the contracting muscle was determined experimentally, Fig. 3 shows these results as well as the theoretical force calculated using the mathematical model developed by [7] . 
IV. BENDING ARTIFICIAL MUSCLE
The novel bending artificial muscle is developed using the same braided sleeve, bladder and 3D printed ends as in the contractor muscle. However, in this case, the sleeve length was double that of the bladder giving the muscles a resting diameter of 23mm. Due to the braid being longer than the bladder this means that the muscle will extend in length when the supplied pressure is increased, this type of muscle is known as an extensor. Fig. 4 illustrates the behaviour of the proposed extensor artificial muscle under different supplied pressures (without any load attached). It can be seen that the extensor artificial muscle expands as the supplied air pressure is increased. The maximum increase in the muscle length was measured experimentally to be 68%. This maximum increase in the actuator length is recorded at supplied air pressure 500kPa. Fig. 5 shows the characteristic behaviour of the proposed extensor actuator in relation to the supplied pressure. During this operation, an axial extensile force is produced at the free end of the muscle. The bending artificial muscle is derived from the extending muscle by reinforcing one side of it using a fixed length thread with a 500N breaking strength and leaving the other side free. Fig. 6 shows the same bending muscle with different applied pressures. When pressure is increased to the bending artificial muscle, the bending angle starts to increase in proportion with increasing pressure because it is forced by the thread to extend on the free side only.
The curving angle of the extensor bending muscle increases with increasing supply pressure and this relationship was investigated experimentally. The pressure inside the muscle was progressively increased and the angle of the remote terminal of the actuator with respect to its initial position was measured. Fig. 7 outlines the relationship between the provided pressure and the curve angle of the proposed bending actuator. It can be seen that the bend angle is proportional to the air pressure.
V. KINEMATIC ANALYSIS OF THE BENDING ACTUATOR
The general geometry of pneumatic artificial muscles (PAMs) is illustrated in Fig 8. The middle part of the PAM is completely cylindrical and the PAM has diameter D, length L, and θ is the angle between a single braid thread and the muscle's central axis. The braid is shaped from numerous individual strands of length b which encircle the muscle n times.
The difference between the extensor and the contractor type muscles is the braided sleeve is longer than the bladder in the extensor PAM. In other words, the braided sleeve must be compressed (θ increased) to make it fit with the bladder. The actuator initial state will have a braid angle greater than 54.7° (the minimum energy configuration [7] ) when pressurized the braid angle will reduce in an attempt to achieve the minimum energy state and this will cause extension of the artificial muscle. As mentioned previously the bending actuator is derived from extensor actuator by reinforcing one side of the braided sleeve. In other words, that one side of the sleeve angle is always at its maximum value and cannot extend in length. When increasing the supply pressure of the bending actuator, the free side of the actuator, only, will increased in length.
Based on Fig. 8 the nominal length of the bending muscle will be:
= cos
(1) and the actuator diameter:
The analysis of the extensor bending artificial muscles based on the following assumptions: the muscle maintains a circular cross-section during bending, the braid is formed from inextensible threads, there are no friction forces between the rubber tube and the braid and between the braid threads and there are not elastic forces within the rubber tube. Fig. 9 illustrates the curving artificial muscle geometry, where is the actuator length on the fixed length side, is the length of bending actuator on the free side, is the bending actuator diameter, α is the curve angle of the actuator, is the inner radius and is the outer radius. The bending muscle length will be the average length:
The muscle diameter relevant to the inner and outer radii is:
= − (4) Using the equation for the length of an arc the length of the two sides of the bending muscle will be:
= cos =
The inner radius of the actuator curve can be determined by the maximum sleeve angle( ), which is a constant for each bending muscle as a result of the fixed length side, and the outer radius of the actuator curve can be determined by the sleeve angle θ, which decreases as the actuator bends.
Unlike contraction PAMs the sleeve braid angle around the circumference of the curving actuator is not a fixed. Rather the sleeve angle will reduce around the circumference from θ on the outside edge of the curve (point A in Fig. 10) to at on the inward edge of the curve (point B in Fig. 10 ). These sleeve angles will have an associated actuator diameter as illustrated in Fig. 10 .
If it is assumed that the muscle cross is a perfect circle, then the overall diameter will be the sum of the radii on the outside of the bend 1 and inside the bend 2 as shown in Fig.  10 . The bending muscle diameter can be found from (2) as the follows: 
However, if the thickness ( ) of the bladder and the sleeve is considered, the diameter equation will be:
Now it is possible to develop the kinematic equations of the proposed bending actuator by using the above information, these equations describe the bending angle α, and the central axis length of the actuator as follows:
By combining (4) in (6), we will have:
Combining (5) and (6) in (12) produces the following equation:
Based on (13) and (5) we can derive the bending angle as a function of braid angles θ and using the following equation:
Furthermore, the actuator length can be determining by substituting (5) and (6) The above section developed a kinematic analysis of the proposed bending actuator. However, if the actuator is to be utilized as a part of an application, it is vital that its output force behaviour is also characterised. This has been achieved using the theory of the conservation of energy as was presented by [7] for a contracting PAMs.
The input work , which exists in the PAM is in the form of supplied air pressure, which acts on the inner surface of the artificial muscle, and leads to changes in muscle volume. This can be demonstrated by the following equation:
Where ′ is the interior absolute gaseous pressure, is the environmental pressure (103.360 kPa at the time of testing), P is the relative differential gaseous pressure, is the muscle total inner surface, is the internal surface displacement vector, is the muscle area vector, and is the muscle volume change.
Depending on the formula of volume of the cylinder Where is the bending actuator diameter from (11) and is the central actuator length from (15).
The output work done when the proposed curving actuator bends is associated with an increase in length of the muscle as a result of the muscle volume changing. It can be expressed by the following equation:
(19) Fig. 11 illustrates the output force direction of the proposed bending actuator. To validate this output force mathematical model of the bending muscles, we used the same muscle as in Fig 6. The muscle is placed in three positions (bending angles) to validate that the force model is correct at any bending angle. Fig. 12 (a) shows the muscle at 45 o bending angle and the graphs of the theoretical output force from the model at the same bending angle with the experimental results of the output force of the proposed actuator. It is obvious from the two curves; there is a small gap between the theoretical and the experimental output force (the free end of the muscle is reinforced to a load-cell to measure the experimental output force when changing the supplied pressure gradually) at this position. For validation of this model, we placed the same muscle at 90 o bending angle as shown in Fig. 12 (b) . In this case, we also measured the theoretical and experimental output force of the proposed muscle, and the match between the two curves was as expected. Another validation was performed at a bending angle of 135 o as shown in Fig. 12  (c) .
In the results of these three experiments, the average error across all three curved angles was calculated to be 3.7N. This represents an error of 12.05% of the maximum force generated by the proposed extensor bending artificial muscle. This error is expected as the mathematical model used is simplistic and does not take into consideration energy losses within the actuator.
VII. SOFT WRIST EXOSKELETON
Rehabilitation and physical therapy are successful methods of regaining the ability to control body motion for individuals with physical injuries, neurological damage and different kinds of disability. The most widely recognized are hand disability because the manual worker's hand is in direct contact with machines, and repeated motions at work cause neurological damage, which then produces a reduction of capability to control hand muscles.
There are a limited number of wrist rehabilitation movements such as flexion, extension, radial deviation (abduction) and ulnar deviation (adduction) [11] . The challenge is to accomplish all wrist motions using a single exoskeleton without any assistance from a rehabilitation therapist.
A lightweight, small, and simple to utilize wearable robot capable of performing wrist rehabilitation movements has been developed using a combination of contracting and bending pneumatic muscles as shown in Fig. 13 . The air pressure supply to each actuator is controlled by MATRIX 3/3 solenoid valves which control the air flow by pulse width modulation. Fig. 13 shows the prototype wrist force assist and rehabilitation wearable robot. The wrist flexion motion is generated by two (to increase power) extensor bending actuators sewn onto the top face of a leather glove as shown in Fig. 14 (a) . The extension movement is generated by a single contracting actuator located between the two bending muscles on the top of the glove as shown in Fig. 14 (b) . Ulnar and radial deviation motions are produced by two contractor actuators placed along the sides of the leather glove which when activated cause the hand to move in either abduction or adduction as shown in Fig. 14 (c) and (d) .
The overall weight of the proposed exoskeleton prototype is 0.15Kg. As the proposed exoskeleton is low weight and made from flexible materials, it is safe for direct human interaction and portable. It will also fit any adult hand size without the need for calibrate or mechanical changes making it suited to use in the home and without the need of a therapist.
The performance of this soft rehabilitation exoskeleton was assessed through some basic practical experiments. The pressure in the muscles was controlled in an open loop manner and it was shown that the system was capable of moving a user's wrist joint through flexion, extension, radial deviation and ulnar deviation motions. VIII. CONCLUSION This paper has described the initial phases of the design of a wearable force augmentation and/or rehabilitation exoskeleton for the human wrist which uses soft actuators. A novel bending pneumatic muscle has been proposed and its behaviour characterised experimentally. A kinematic analysis of the new actuator has been presented and a mathematical model of the actuators force output has been produced. The new bending pneumatic muscle has been combined with contracting muscles to form a soft glove which can fit any adult hand without the need for mechanical adjustment. Some initial rehabilitation motions have been demonstrated using the glove and future work will perform further analysis of the system when in operation, this will include monitoring EMG signals from a user's muscles to determine the amount of assistance the system is able to provide. Future work will also seek to improve the mathematical model of the new bending muscle by considering force losses in the bladder and braid during operation.
